A two-germanium-crystal four-220-re¯ection ( À À ) monochromator, combining high intensity with high resolution, is proposed in this work. The main characteristic is that only the ®rst re¯ection is asymmetric. The asymmetry factor was chosen so as to allow mixing of asymmetric and symmetric re¯ections in a monolithic channel-cut crystal without the need for rotation of the two monolith components to correct for the different refraction-induced angular shifts of the re¯ection pair. It is demonstrated that the exit-beam divergence in the diffraction plane and the fractional wavelength band-pass are smaller by 40% than those of the widely used germanium 220 Bartels monochromator, while the photon¯ux collected from the source is larger by a factor of ®ve. The optical features and performance of the monochromator are discussed and compared with those of other ( À À ) monochromators reported in the literature.
Introduction
In the past two decades, several Bragg-type monochromators have been proposed in the literature for high-resolution X-ray diffraction experiments with Cu K 1 radiation. They consist of two monolithic channel-cut crystals set in antiparallel () geometry, inside which the beam is diffracted by the same family of lattice planes. Within each monolithic component, a double parallel (À) re¯ection takes place, so that the overall con®guration of the monochromators is de®ned as ( À À ).
The ®rst monochromator was presented by Bartels (1983) on the basis of an early design of DuMond (1937) and was planned for four symmetric 220 or 440 re¯ections from germanium (Ge) (Fig. 1a) . In order to increase the intensity collected from the X-ray source, van der Sluis (1994) modi®ed the Bartels design by cutting asymmetrically the two channelcut Ge crystals with a 15 misorientation between the surface and lattice planes for both the 220 and the 440 re¯ections (Fig.  1b) . The resulting geometry of this monochromator is characterized by the condition
4 , where b = sin ( B À )/sin ( B + ) is the asymmetry factor (Zachariasen, 1945) for each of the four re¯ections, B is the Bragg angle and (>0 for grazing incidence) is the misorientation angle. This monochromator delivers a more intense beam with respect to that of the Bartels monochromator, though at the expense of a reduced resolution.
One year later, Loxley, Tanner & Bowen (1995) adopted the van der Sluis construction principle to make a silicon (Si) monochromator with asymmetric 220 re¯ections given by = 17.65 (Fig. 1b) . The performance of this monochromator is comparable with that of the 220 Ge Bartels monochromator, with the advantage that a much cheaper and a more perfect single-crystal material is used.
After the presentation of this Si monochromator, Giannini & Tapfer (1996) proposed a ( À À ) Ge monochromator Figure 1 Crystal settings of the ( À À ) monochromators considered in this work: (a) Bartels (1983) (Ge 220); (b) van der Sluis (1994) (Ge 220) or Loxley, Tanner & Bowen (1995) (Si 220); (c) Giannini & Tapfer (1996) (Ge 220 or Ge 400); (d) this work (Ge 220).
having b 1 = b 2 = 1 for the ®rst channel-cut crystal and b 3 = b 4 < 1 (glancing incidence of the incoming beam) for the second one (Fig. 1c) . The 220, 400 and 440 re¯ections with = 15 for b < 1 were considered in that work. For these three monochromators, the condition b 3 = b 4 < 1 imposes the appropriate rotation of the second component of the second monolithic block with respect to the ®rst component to correct for the beam deviation caused by the refraction effect (Kikuta & Kohra, 1970; Kikuta, 1971; Matsushita et al., 1971) . In this way, the overlapping of the Darwin width centres of the third and fourth re¯ections ensures that all the¯ux collected from the source is transmitted to the exit from the monochromator. Considering the two successive grazing-incidence diffractions occurring in the second monolithic block, these monochromators were described by the authors as optical elements that are able to provide an exit beam with considerable reduction either of the horizontal divergence in the diffraction plane (Á o ) or of the fractional wavelength band-pass [Á(Á!/ ! o )] with respect to the same monochromators with b 1 = b 2 = b 3 = b 4 = 1 (symmetric re¯ections). As we will see later, this is not completely true, mainly when the decrease of b from 1 is important. The fact that a reduction in Á o does not occur is in principle rather surprising, because two successive re¯ections with b < 1 are generally expected to give an exit-beam divergence that is much smaller than that of the angular range of total re¯ection (RTR) of the symmetric re¯ection. However, an accurate analysis of the DuMond diagrams (DuMond, 1937) will show that, in the presence of asymmetric re¯ections for which the condition
4 does not hold, the situation in terms of Á(Á!/! o ) is actually more complex than that depicted in that work.
In this paper, a ( À À ) 220 Ge monochromator is proposed with b 1 < 1 and b 2 = b 3 = b 4 = 1 (Fig. 1d) . Exploiting the surprising characteristics of the 220 re¯ection from Ge, well described by Hart et al. (1995) , the value of the misorientation angle for the ®rst grazing-incidence re¯ection was chosen so that all the¯ux of the '-polarized X-rays collected from the source propagates through the monochromator without the need for any correction for refraction. This monochromator provides an exit beam with Á o and Á(Á!/ ! o ) smaller by 40% than those of the widely used 220 Ge Bartels monochromator, while the¯ux collected from the source is larger by a factor of ®ve. The optical features of all the aforementioned monochromators will be discussed, and the 111 and 333 diffraction peaks from Si will be calculated for these monochromators and compared on an absolute intensity scale to evidence the differences in the peak intensities.
Monochromator design
According to the dynamical theory of X-ray diffraction (Zachariasen, 1945) , as the glancing angle made by the incoming X-ray beam with the crystal surface is reduced, the central angle of the RTR of the outgoing beam is reduced and the RTR angular width decreases. These phenomena are reversed for grazing emergence from the surface of the crystal. If Bragg re¯ections with different asymmetry factors b are mixed in a rigid channel-cut crystal, in general the individual angular RTRs do not completely overlap, and loss of intensity occurs unless a rotation is made between the two components of the monolithic crystal.
In the paper by Hart et al. (1995) , it was shown that, for the 220 Ge re¯ection with Cu K 1 wavelength, there exists a range of b values less than 1 for which the angular RTR of a '-polarized outgoing beam is completely contained within the angular RTR of the symmetric re¯ection. Therefore, the adjustment rotation is not required in this b range. The range of b can be partitioned by means of the expressions of the dynamical incidence parameter (Zachariasen, 1945) 
for the entrance on the crystal, and
for the exit from the crystal, where the subscripts`in' and`out' denote entrance on and exit from the crystal, respectively, 2
and 2 H H are the O-and H-order Fourier coef®cients of 4% times the crystal polarizability, respectively, Á is the angular deviation from the Bragg angle, and K is the polarization factor [K = 1 for ' polarization and K = |cos (2 B )| for % polarization]. For a symmetric re¯ection (b = 1), the two expressions are identical. From (1) and (2), we can obtain the equations for Á at the low-angle side of the angular RTRs (y inaout = À1) in the case of the exit from a grazing-incidence asymmetric re¯ection and the entrance on the symmetric re¯ection. They are
If the difference Á = Á outYy out À1 asymm À Á inYy in À1 symm > 0, then the angular RTR of the asymmetric re¯ection will be completely included in the angular RTR of the symmetric re¯ection. Fig. 2 reports Á as a function of the misorientation angle for the 220 Ge re¯ections with Cu K 1 wavelength and for the two polarization states. It can be seen that Á becomes positive for greater than about 16 for the ' polarization, while Á is always negative for the % polarization. The calculations were stopped at = 21 , i.e. at an angle 1.6 smaller than the Bragg angle and hence suf®ciently far from the angular regime of the total external re¯ection. The ' and % intensity pro®les for the symmetric and asymmetric ( = 21 ) 220 Ge re¯ections are shown in Fig. 3 , where no intensity loss is observed to occur for ' polarization when the asymmetric and symmetric re¯ections are mixed in a rigid channel-cut crystal. The value of = 21 was chosen for the ®rst re¯ection of our monochromator in order to have the maximum % pro®le overlapping. For the remaining three re¯ections, b = 1.
Optical characteristics of the monochromator and comparison with other monochromators
The simplest way to determine the optical characteristics of a multi-crystal monochromator, i.e. the values of the exit-beam divergence in the diffraction plane, Á o , and the fractional wavelength band-pass, Á(Á!/! o ), is to use the DuMond diagram (DuMond, 1937) . In this Á!/! o versus Á diagram, each pair of Bragg curves, de®ning the Bragg domain of a crystal, has a slope equal to 1/tan B and an angular width along the Á axis equal to the angular RTR of the given re¯ection. If a DuMond diagram is plotted also for the entrance of the ®rst of the four re¯ections, the¯ux collected from the source can also be estimated.
An X-ray tracing code was developed in our institute (Servidori & Cembali, 1996) to calculate intensity pro®les of a perfect or deformed sample inserted in a number of monochromator and analyser crystals made of different single crystals, and to map intensity distributions around selected reciprocal-lattice points. Moreover, DuMond diagrams can be calculated for different¯at or curved crystal sequences at the entrance or exit side of each crystal composing the sequence. As also demonstrated by Davis (1990) using a different approach, when asymmetric re¯ections operate in a multicrystal monochromator whose asymmetry factors do not ful®l the condition
at the exit from the monochromator is different from that at the entrance. Figs. 4 and 5 show these differences in the case of the 220 Ge monochromator proposed by Giannini & Tapfer (1996) [geometry ( b1 À b1 À b0X218 b0X218 )] and our 220 Ge monochromator [geometry ( b0X0417 À b1 À b1 b1 )], respectively. A few important features are evident in the ®gures.
(i) When plotted at the exit (entrance) side of the monochromator, i.e. on the angular scale of the fourth (®rst) re¯ection, the preceding (subsequent) three re¯ections undergo an angular RTR modi®cation according to the b values. The modi®cations follow from the relations RTR in = b À1/2 RTR symm and RTR out = b 1/2 RTR symm , from which RTR out = bRTR in (Kikuta & Kohra, 1970) .
(ii) The symmetric re¯ections taking place in the channelcut crystal are represented by the same Bragg domain (black lines in Fig. 4 and blue lines in Fig. 5 ).
(iii) The Bragg domains of all the re¯ections rotate on passing from the entrance to the exit side of the monochromator as a consequence of the rescaling of the deviation from the exact Bragg condition given by the asymmetry factors. In fact, from (1) and (2) one can verify that Á out = bÁ in .
(iv) The common surface shared by the four domains of the monochromator (limited by the black and red lines in Fig. 4 and by the black and blue lines in Fig. 5 ) represents the set of conditions for which X-rays pass through the crystal system and gives a quantitative measurement of the properties of the incident and emerging beams. Since the asymmetry factors are less than 1, the shared area is wider for the entrance than for the exit side. This does not mean that the beam loses intensity during propagation through the monochromator, but results from the fact that the DuMond diagram does not take into account the spatial beam width in the diffraction plane. In fact, the ratio of the shared area at the entrance to that at the exit is
M. Servidori X-ray monochromator 43 research papers Figure 2 Angular separation between the exit RTR low-angle sides of the asymmetric and symmetric 220 Ge re¯ections as a function of the miscutting angle between surface and lattice planes. Fig. 6 , where the lack of overlapping between the re¯ections 1 and 2 is clearly visible.
In the case of the 220 Ge monochromator of Giannini & Tapfer (1996) , the value of Á o is 17.51 arcsec for the ' component ( Fig. 4b) , which is about 15 times the value reported by the authors. In their paper, in fact, the exit-beam divergence was given at the reference central wavelength ! o (the RTR of the ®rst or second re¯ection in Fig. 4b ), without taking into account that in DuMond diagrams like those in Figure 4 DuMond diagrams for ' polarization at (a) the entrance and (b) the exit sides of the monochromator in Fig. 1(c) cut for 220 Ge re¯ections.
Figure 5
DuMond diagrams for ' polarization at (a) the entrance and (b) the exit sides of the monochromator proposed in this work.
Figure 6
DuMond diagrams for % polarization at (a) the entrance and (b) the exit sides of the monochromator proposed in this work. 4 , which also includes the case of all symmetric re¯ections, leads to identical DuMond diagrams for the entrance and the exit sides. They are symmetric with respect to the axis normal to the Á axis and passing through the centre of the entrance (exit) angular RTR of the ®rst (fourth) re¯ection. Fig. 7 shows the diagrams of the Bartels monochromator for the ' and % polarizations.
The photon¯ux that a monochromator collects from the source is related to the common surface shared by the four re¯ections at the entrance on the ®rst crystal. Though it can be evaluated from the DuMond diagram, a precise calculation of the integrated intensity is given by the expression
where L(Á!/! o ) is the source wavelength pro®le and R '% inYmonochr (Á!/! o , Á) is the ' (%) angular intensity pro®le at the entrance of the monochromator for the different wavelengths in the spectral window opened by the four re¯ections. Table 1 reports the values of the '-polarized exit-beam divergence, Á o , and chromaticity, Á(Á!/! o ), obtained from the DuMond diagram, the integrated intensity I ' + I % of the entrance beam calculated from (3), and the beam size variation S H /S O for the different monochromators. It can be seen that our monochromator offers the smallest Á o , and a Á(Á!/ ! o ) and an intensity¯ux collected from the source that are comparable with and 15 times, respectively, those of the highresolution 400 Ge monochromator of Giannini & Tapfer (1996) . With respect to the widely used Bartels (1983) monochromator, our monochromator provides an exit beam with Á o and Á(Á!/! o ) smaller by about 40%, while the¯ux collected from the source is larger by a factor of ®ve. With regard to the widening of the exit beam, the values of 21.1 and 24.0 are certainly high. However, if a line focus is used having a width of 40 mm (sealed tube), as in the case of the experiments performed by van der Sluis (1994) , or 50 mm (rotating anode tube), an acceptable beam size of about 1 mm in the diffraction plane is obtained.
Sample setting: choice between the (+ À À + À) and (+ À À + +) geometries
As mentioned in the previous section, the DuMond diagrams of the monochromators of Figs. 1(a) and 1(b) are symmetric with respect to the axis normal to the Á axis and passing through the centre of the entrance (exit) RTR of the ®rst (fourth) re¯ection. Because of this property, the sample can be set downstream from the monochromator either in the ( À À À) or in the ( À À ) geometry: the peak intensities and the full widths at half-maximum (FWHM) values are the same, the two pro®les being only mirror-like with respect to each other on the angular scale. By contrast, for the monochromators of Figs. 1(c) and 1(d), the two sample settings give different results.
Figs. 8 and 9 are the DuMond diagrams of a Si sample (green lines) aligned so that the (333) lattice planes diffract symmetrically the beams emitted from the 220 Ge monochromator of Giannini & Tapfer (1996) and from our monochromator, respectively. The diagrams are plotted on the entrance (or exit) scale of the sample and show that the slope signs of the four diffraction domains of the monochromators are reversed for the two geometries. From Fig. 8 it can be seen that for the ( À À À) geometry (Fig. 8a ) a smaller rotation (shift along the Á axis) than for the ( À À ) geometry (Fig. 8b) is required to allow the 333 Bragg domain of the sample to cross completely the common surface shared by the four domains of the monochromator (limited by the black and red lines). Therefore, a narrower Si 333 peak is obtained with the former geometry. Moreover, since the peak intensity is proportional to the surface shared by the monochromator and the sample (limited by the black and green lines), the peak maximum will be higher in the case of Fig. 8(a) . The situation is reversed for our monochromator (Fig. 9 ), whose DuMond diagram shows that the appropriate choice of the crystal setting to obtain a narrow and intense peak is to place the sample in the ( À À ) geometry (Fig. 9b) . The twodimensional (Á and Á!/! o ) convolutions of the intrinsic 333 Si re¯ection with the beams delivered by the two monochromators in the ( À À À) and ( À À ) geometries are reported in Figs. 10(a) and 10(b) , respectively. The peaks are plotted on the absolute intensity scale (i.e. they are not normalized to the intensity diffracted from the monochromators) to evidence the differences in the peak maxima. The calculations show that higher and narrower peaks are obtained with the proper geometry and that our monochromator provides a more intense and narrower peak, by factors of about 5 and 0.5, respectively, than that given by the monochromator of Giannini & Tapfer (1996) .
Test of the monochromators: choice of the sample reflection
To compare the performances of the considered monochromators in terms of FWHM and intensity of a sample peak, the 111 and 333 symmetric re¯ections from Si were chosen because, these re¯ections having Bragg angles suf®ciently far from the 220 Ge Bragg angle of the monochromator, the effect of the beam chromaticity on the peak shape is better evidenced.
This approach is different from that adopted by Giannini & Tapfer (1996) , who demonstrated the excellent performance of their 400 Ge monochromator (Fig. 1c) using the 400 symmetric re¯ection from a (100) Ge sample or a heterostructure based on (100) GaAs in the ( b1 À b1 À b0X416 b0X416 À b1 ) setting. As we will see, the good results they obtained are essentially due to the fact that the Bragg angles of Ge 400 and GaAs 400 are very close to each other. This implies that the crystal setting they employed behaves as a nearly parallel geometry, where the effect of Á(Á!/! o ) on the pro®le shape of the sample is negligible.
The situation is illustrated in the DuMond diagram of Fig. 11(a) , plotted at the exit (or entrance) side of the sample.
The angular RTR of the ®rst or second monochromator re¯ection (black lines) is the narrowest one, owing to the greatest angular contraction it undergoes after propagation Figure 9 DuMond diagrams at the exit of the 333 Si re¯ection set in (a) ( À À À) and (b) ( À À ) geometry with the monochromator proposed in this work.
Figure 8
DuMond diagrams at the exit of the 333 Si re¯ection set in (a) ( À À À) and (b) ( À À ) geometry with the monochromator in Fig. 1(c) cut for 220 Ge re¯ections. through the successive asymmetric re¯ections. The green lines de®ne the Ge or GaAs Bragg domain, which is parallel to the domains of the other two monochromator re¯ections. If we allow the sample to rotate with respect to the beam delivered by the monochromator and focus our attention on e.g. the lowor high-angle edge of the angular RTR of the sample, it is clear from the ®gure that each edge crosses the Á!/! o À Á window of the monochromator (limited by the red and black lines) by a shift along the Á axis equal to the angular RTR of the third (red) re¯ection. On the other hand, if only the reference ! o is considered, as is always the case when the perfect parallel geometry is dealt with, each edge of the sample angular RTR crosses the angular width of the exit beam from the monochromator after a shift equal to the RTR of the ®rst or second re¯ection of the monochromator (black lines). Therefore, taking into account that (i) the RTR of the third re¯ection is wider by a small amount than that of the ®rst (or second) re¯ection and (ii) the angular RTR of the sample is considerably wider than those of both the ®rst (or second) and third re¯ections, integration over Á and Á!/! o (two-dimensional convolution) gives a sample peak that is very similar to that obtained by integration over only Á at ! o (one-dimensional convolution). The consequence is that for the geometry in Fig.  11(a) , the effect of Á(Á!/! o ) on the sample peak shape is minor, as expected for a nearly parallel geometry. Better evidence for this particular behaviour is given by Fig. 11(b) , where the sample pro®le obtained by two-dimensional integration over Á and Á!/! o (thick line) is very close to that produced by one-dimensional integration over Á at Á!/! o = 0 (thin line). The FWHM of the latter peak is slightly narrower, as the DuMond diagram in Fig. 11 (a) also shows, and only a little more detail concerning the contributions of the two polarization states is visible.
The approach we adopted in using sample re¯ections with Bragg angles that are different from that of 220 Ge displays the actual characteristics of the monochromators. Table 2 , which demonstrates the superior performance of the monochromator proposed in this work, if a 1 mm beam width on the sample is tolerated.
Conclusions
Following the results of Hart et al. (1995) , the analysis of DuMond diagrams showed that when asymmetric re¯ections not ful®lling the condition
4 operate in a twoGe-crystal four-220-re¯ection monochromator arranged in the ( À À ) geometry, the angular acceptance of the monochromator can be increased to have a high photon¯ux collected from the source by acting only on b 1 and keeping b 2 = b 3 = b 4 = 1. With b 1 = 0.0417 ( = 21 ), this¯ux can be as high as ®ve times that of the well known Bartels monochromator. At the same time, the fractional wavelength band-pass of the monochromator and the exit-beam divergence in the diffraction plane are reduced by 40%. These optical features are better than those of other similar monochromators proposed in the literature. Therefore, a crystal sequence combining high resolution with high intensity can be realised in a simple way, without the need for rotation to correct for the different refraction-induced angular shifts of the ®rst re¯ection pair. This holds only for the '-polarization component, whereas a fraction of I % is lost. With respect to a monochromator in which the correction is made in order to obtain Á = Á outYy out À1 asymm À Á inYy in À1 symm = 0 for the %-polarization component, what is lost is 20% of I % and 8% of I ' + I % . Compensation for only an 8% loss can in principle be made, though at the expense of an increased complexity in the construction of the monochromator.
The proposed monochromator could represent an interesting alternative to the optical device composed of a beamcondensing re¯ector (Go È bel mirror) and a Bartels monochromator (Schuster & Go È bel, 1995) . Nowadays, thanks to its improved quality, the Go È bel mirror enhances the intensity of the exit beam from the Bartels monochromator by about a factor of ten. Although the intensity enhancement of our monochromator is by a factor of ®ve, the optical resolution is better by 40%, and the apparatus is simpler and cheaper.
Finally, it is worth underlining that this work refers to structurally ideal Ge, while it is well known that this material is not as perfect as Si single crystals. In such a case, the static Debye±Waller factor plays the important role of reducing the Ge structure factor owing to the presence of lattice defects. The result is that the intensities of the symmetric and asymmetric re¯ections from Ge will not be as high as the calculated ones. However, the reported comparison of the monochromators made by Ge crystals still holds, while the intensity gain of our monochromator with respect to the Si monochromator of Loxley et al. (1995) could be somewhat less.
